There have been many reports on earthquake-induced groundwater anomalies, but the mechanism of these anomalies is not very clear. The 1995 Hyogo-ken Nanbu earthquake, which occurred on January 17, 1995, was one of the greatest shallow inland earthquakes in Japan since the modern Japanese observation system for monitoring seismicity was established. Many groundwater anomalies have been observed following this earthquake. Our purpose was to study these anomalies systematically and to gain some knowledge of their mechanisms. We initiated a questionnaire survey in and around the source region on March 8, 1995. We also investigated the discharging waters which appeared on Awaji Island after the Hyogo-ken Nanbu earthquake. These results were compared with the volumetric strain changes estimated from fault models for the earthquake which stretch in a SW-NE direction. Many post-seismic rises in the level or discharge of groundwater as well as a few post-seismic drops were detected by the questionnaire and the investigation. However, their distribution did not coincide with the distribution of the volumetric strain changes, which are of a quadrantial type because the fault models are of a right-lateral strike-slip type. Several precursory groundwater anomalies were also reported, although few pre-seismic crustal strain changes were observed. Therefore, the volumetric strain changes do not always explain the groundwater anomalies that accompanied the 1955 Hyogo-ken Nanbu earthquake.
Introduction
Hydrological and geochemical anomalies before and after large earthquakes have been often reported, but their mechanism, even the mechanism of post-seismic anomalies, is not yet clear. The 1955 Hyogo-ken Nanbu earthquake (M=7.2), which occurred on January 17, 1995, was one of the greatest shallow inland earthquakes in Japan since the modern Japanese observation system for earthquake prediction research was established. Many groundwater anomalies have been observed following this earthquake. There have already been several reports of these anomalies (Igarashi et al., 1995; Tsunogai and Wakita, 1995; King et al., 1995; Fujimori et al., 1995; Sato et al., 1995) . Our main purpose is to study the relationship between the groundwater anomalies and volumetric strain changes caused by the Hyogo-ken Nanbu earthquake, and to study the mechanisms of the preseismic and post-seismic groundwater anomalies.
A convincing explanation of earthquake-induced hydrological and geochemical changes is that they are caused by changes in groundwater pressure due to the earthquake-induced changes in crustal volumetric strain (Wakita, 1975; Roeloffs, 1988; Kawabe, 1991; Muir-Wood and King, 1993) . Although this explanation has been offered for several decades, there have not been enough reports of quantitative analysis of earthquake-induced groundwater anomalies and crustal volumetric strain changes. Since the Hyogo-ken Nanbu earthquake occurred within the observation network for monitoring seismicity, much valuable data on this earthquake was gathered. Additionally, the earthquake source fault was clarified as a strike-slip-fault and a clear quadrant type distribution of the post-seismic volumetric strain changes was expected. Thus, this earthquake is well suited for comparative analysis between earthquake-induced groundwater anomalies and crustal volumetric strain changes.
A questionnaire survey of anomalies was carried out at hot or mineral springs in and around the source region. In addition, the groundwater and surface water on Awaji Island, located in part of the source region, was sampled and analyzed. These results will be analyzed in relation to the volumetric strain changes calculated from fault models for the Hyogo-ken Nanbu earthquake.
Observation Site and Methods
The area where the questionnaire survey was carried out covers 12 prefectures (Shiga, Kyoto, Osaka, Wakayama, Hyogo, Tottori, Okayama, Shimane, Kagawa, Tokushima, Ehime, and Kochi), that include and surround the source region of the Hyogo-ken Nanbu earthquake ( Fig. 1(a), (b) ). The crust of this area is usually stressed in an east-west direction; the principal axis of compression stress of the Hyogo-ken Nanbu earthquake was also east and west. In most parts of this area, the seismic intensity (JMA) of the Hyogo-ken Nanbu earthquake was 4 or greater ( Fig. 1(a) ). As the questionnaires (Fig. 2) were not sent to Fukui, Mie, Nara, and Hiroshima Prefectures, many of the surveyed points were distributed on the western side of the source region ( Fig. 1(b) ). Figure 1 (b) also shows the points where information on the groundwater anomalies was collected through direct inquiry. We conducted a thorough investigation on Awaji Island because many discharging waters appeared there just after the Hyogo-ken Nanbu earthquake. Figure 2 shows our questionnaire, which was originally written in Japanese. Just before the Hyogo-ken Nanbu earthquake, two large earthquakes, the Hokkaido Toho-oki earthquake (M 8.1) and the Sanriku Haruka-oki earthquake (M 7.5), occurred in Japan. Although their epicentral distances from our questionnaire area are greater than 800 km, there were a few post-seismic groundwater changes at some of the continuous groundwater observation stations shown in Fig.  1(b) (Tominaga et al., 1995; Kitagawa et al., 1995) . Therefore, the questionnaire also asked about the anomalies accompanying these two earthquakes (Fig. 2) to prevent the answerers from judging the post-seismic groundwater changes induced by the two earthquakes to be the precursors to the Hyogoken Nanbu earthquake. As a result, there was one "pre -seismic" groundwater anomaly which could be reported based on such misjudgment and this "pre -seismic" groundwater anomaly was not (a) (b) counted.
The reasons why we utilized the questionnaire survey of hot or mineral spring waters are as follows: 1) hot or mineral spring water is generally confined, and confined groundwater is much more sensitive to volumetric strain changes than unconfined groundwater (Bredehoeft, 1967) ; 2) hot or mineral spring water comes from deeper sources than normal groundwater; 3) hot or mineral spring water usually flows up along cracks in basement rock in a fault zone and brings some information about such zones, and 4) people in general, are more interested in hot or mineral spring water than normal groundwater and this should result in a higher volume of quality data on the survey. The number of reported groundwater anomalies was 56, while 186 springs reported no anomalies. The results are shown in Fig. 5 , together with results of the continuous groundwater observations and direct inquiries. In the next chapter, we will sum up these results and compare them with the volumetric strain changes.
3. Results Figure 5 shows the results of the questionnaire survey. In Hyogo Prefecture, several groundwater anomalies seem to be distributed along the estimated earthquake source fault (Fig. 3) . However in the neighboring areas to these anomalies there were also reports of no groundwater anomalies. The points which show groundwater anomalies are often located adjacent to those points without anomalies. It seems difficult to relate the whole pattern of groundwater anomalies to that of the seismic intensities ( Fig. 1(a) ) and the volumetric strain changes (Fig. 6) . Figure 6 shows the distribution of post-seismic changes in groundwater discharges or levels. It also shows the surface volumetric strain changes caused by the Hyogo-ken Nanbu earthquake. These changes have a quadrant distribution because the fault model of the Hyogo-ken Nanbu earthquake is of a right-lateral strike-slip type (Ito et al., 1995) . This fault model was estimated mainly from several records of JMA strong-motion seismographs located at a slight distance from the source region, and did not take much account of geodetic data in the source region. For example, the fault model does not coincide with the Nojima Fault on the surface (Fig.  7) , that coincided closely with the earthquake fault of the Hyogo-ken Nanbu earthquake on Awaji Island. Therefore, we also calculated the volumetric strain changes using another fault model made by Hashimoto et al. (1996) , which was mainly based on geodetic data in and around the source region. The whole pattern of the volumetric strain changes estimated from the model of Ito et al. (1995) (Fig.  6 ) was similar to that from the model of Hashimoto et al. (1996) , although the pattern of the volumetric strain changes on Awaji Island from the former model ( Fig. 7) was different from that of the latter model (Fig. 8) . The contraction region on the northwest side of the Nojima Fault and the extension region on the southeast side in Fig. 7 disappeared in Fig. 8 . As a result, the pattern of the volumetric strain changes on Awaji Island from the model of Hashimoto et al. (1996) is simpler (Fig. 8) . According to our survey on Awaji Island (Sato Fig. 9 . Distribution of active faults and post-seismic hydrological changes in the northern part of Awaji Island. "f." means "fault." et al., 1995) There were also several precursory groundwater anomalies (Fig. 10) . From the continuous groundwater observations conducted for earthquake prediction research, 3 pre-seismic groundwater anomalies were reported in the source region as follows: 1) an increase in radon concentration in Nishinomiya (NSN) groundwater (Igarashi et al., 1995) ; 2) an increase in concentration of chloride ions in Rokko (ROK) groundwater (Tsunogai and Wakita, 1995) ; and 3) an increase in groundwater discharge at Rokko-Takao (RKT) (Fujimori et al., 1995) . However, the results of our questionnaire survey and direct inquiries show no precursory groundwater anomalies in and around the source region. On the other hand, there were four precursory anomalies in Tottori Prefecture and the northern part of Hyogo Prefecture, which are rather distant from the source region (Fig. 10 ), as follows: 1) a change in groundwater temperature at Kinosaki (KSK); 2) an increase in groundwater discharge at Hidaka (HDK); 3) an increase in groundwater discharge and temperature at Marumo (MRM); and 4) a change in groundwater color at Hinomaru (HNM).
Discussion
In a preliminary report (Disaster Prevention Research Institute, Kyoto University, 1995a, b; King et al., 1995) , we maintained that most sites that showed post-seismic increases in groundwater level or discharge were located in the north quadrant, which was compressed by the static slip on the fault surface. But as additional data were gathered from the questionnaire survey, this tendency became more ambiguous. As a result, the pattern of post-seismic changes in groundwater level or discharge did not coincide closely with that of the volumetric strain changes (Fig. 6) . Therefore, the volumetric strain changes cannot always explain these post-seismic groundwater changes. A similar relationship exists between the post-seismic groundwater changes and seismic intensity ( Fig. 1(a) ). In the source region, the seismic intensity was high and there were many post-seismic groundwater changes (Figs. 5, 6 ). But in the other regions, post-seismic groundwater anomalies were not always found in places where the seismic intensity was high. It is probable that local heterogeneity in the geological structure, especially the heterogeneous geological structure in the neighborhood of the observation wells, might have a strong effect on the response of the groundwater to earthquakes.
Figures 7 and 8 show the volumetric strain changes at the surface in the northern part of Awaji Island. It also seems difficult to explain the discharging waters and lowered groundwater levels on Awaji Island (Fig. 9) by the volumetric strain changes. Therefore, considering the results in the previous chapter and the large seismic intensity (JMA) at the northern part of the Awaji Island ( Fig.  1(a) ), we might say that the discharging waters on the northern part of Awaji Island were caused by permeability enhancement resulting from strong ground motion. Such post-seismic changes in groundwater and surface water caused by permeability enhancement have already been reported (Waller, 1966; Rojstaczer and Wolf, 1992) .
There were more than ten crustal-movement monitoring stations in and around the source region. However, no significant pre-monitory changes in crustal strain were recorded except at RokkoTakao (RKT) (Disaster Prevention Research Institute, Kyoto University, 1995a, b; Fujimori et al., 1995) . Neither GPS could find any premonitory crustal deformation (Geographical Survey Institute, 1995) . This shows that there were no wide-ranging significant precursory crustal strain changes. Therefore, the precursory groundwater anomalies mentioned above are probably caused by very localized strain changes near the observed points. Otherwise the anomalies should be considered as being caused by other factors, for example, local permeability changes resulting from microcrack formation.
These discussions are rather qualitative due mainly to differences in quality of information obtained from our surveys, especially from the questionnaire survey. For a future detailed analysis, it is necessary to gather higher and equal quality data of groundwater such as confined groundwater levels observed by local governments.
Conclusions
1) Many post-seismic groundwater anomalies followed the Hyogo-ken Nanbu earthquake of 1995. Not all anomalies can be explained by the volumetric strain changes caused by static slip at the earthquake source fault under the assumption of a homogeneous elastic half space. Seismic intensity also cannot explain all these anomalies.
2) In the northern part of Awaji Island, many discharging waters appeared and several well-water levels decreased. This can be explained by permeability enhancement caused by the strong ground motion.
3) There were several precursory groundwater anomalies in the source region and in areas slightly farther from the source region. However, no precursory crustal strain changes which can explain all the groundwater anomalies were detected.
As a result, it is difficult to conclude that earthquake-induced crustal volumetric strain changes caused all of the groundwater anomalies that accompanied the 1995 Hyogo-ken Nanbu earthquake.
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